Band alignment between solids is a crucial issue in condensed matter physics and electronic devices. Although the XPS method has been used as a routine method for determination of the band alignment, the theoretical calculations by copying the XPS band alignment procedure usually fail to match the measured results. In this work, a reliable ab-initio calculation method for band alignment is proposed on the basis of the XPS procedure and in consideration of surface polarity and lattice deformation.
The energy band alignment between solids is a fundamental concept in condensed matter physics and of crucial importance in design of electronic devices.
1- 4 Many experimental methods, such as X-ray photoelectron spectroscopy (XPS), electrochemical impedance analysis (EIA), photoluminescence spectroscopy, surface photovoltage measurements, scanning probe microscopy, and so on, have been developed to measure the band alignment, the band offset, as well as the band bending. Among these methods, XPS is one of the most reliable and widely adopted choice. 5 Using XPS, the valence band offset between solids A and B,EB-A(VBM), can be expressed as: 6 
EB-A(VBM) = [EVBM-CL(B) -EVBM-CL(A)] + EB-A(CL)
in which VBM stands for the valence band maximum and CL for the core level;EY-X(Z) here and hereinafter denotes the energy difference of level Z between systems Y and X, or the energy difference between levels Y and X in the system Z.
Unfortunately, directly employing Eq. 1 to calculate the band-offset using density functional theory (DFT) usually does not correctly reproduce the experimental values. For example, Wei et al. calculated the band offsets between all II-VI and III-V semiconductor compounds copying the XPS measurement procedure and found that some band offsets have large deviations from the experimental observations, especially between compounds with unavoidable lattice mismatch. 7 Chambers et al. studied the band offset at the epitaxial anatase TiO2/n-SrTiO3(001) interface, and their XPS measurement and DFT calculation showed bad agreement between theory and experiment. 8 Thus they concluded that either DFT could not accurately calculate band offsets in the oxide materials, or some unknown factors (missed in the modeling)
at the interface were influencing the band offset.
In fact, DFT is presently the most successful approach to compute the electronic structure of matter.
Although the local density approximation (LDA) or generalized gradient approximation (GGA) will underestimate the correlation effects between electrons and the band gap, it remains anticipated to calculate band alignments between solids. Since the band alignment between solids is a relative energy value, the LDA or GGA error can be largely canceled in calculations. 9 For example, Ju et al. obtained the same band offsets between anatase and rutile TiO2 by using the functional GGA and a more accurate hybrid exchange-correlation (XC) functional HSE06. 10 Therefore, the aforementioned failure of DFT prediction of band alignment should be due to other reasons.
In this work, we attempt to translate the XPS measurement procedure for energy band alignment between solids to a reliable ab-initio calculation method. The effects from lattice mismatch and surface polarity are taken into account. The calculation procedure for the band alignment between solids A and B is illustrated in Fig. 1 . EVBM-CL(A) and EVBM-CL(B) terms in Eq. 1 can be calculated at their respective equilibrium lattice constants. The EB-A(CL) term can be obtained from the unrelaxed A'/B' heterojunction, but two corrections are needed for this term. respectively). The surface polarity, which is relative to the bulk one, is described by the electric dipole moment p. pinter denotes the moment of the dipole layer induced by the interaction between two solids. The distance between two solids d can be tuned to change their interaction. When d is big enough, pinter equals to zero, and the band alignment between two solids is intrinsic; the nonzero pinter will give a coupled band alignment.
The first correction is from the surface polarity, which is introduced by the interruption of lattice periodicity. The polarity of an exposed surface may be represented by electric dipoles (moment p) perpendicular to the surface, as shown in Fig. 2(a) . Under the parallel-plate capacitor approximation the electrostatic potential difference (φ) between two sides of the capacitor can be expressed as:
where e is the elementary charge; A is the surface area; eff is the effective dielectric constant of the surface;
and 0 is the permittivity of free space. If the average electrostatic potential of the system is taken as the energy reference, then the electrostatic potential created by the surface dipole layer increases the potential of E VR in the vacuum side of the capacitor and decreases the potential of E SR in the solid side. Fig. 2(b) shows the superposition of this additional electrostatic potential from the surface dipole layer and the original electrostatic potential of the solid. The solid line in Fig. 2(b) is the resulting electrostatic potential of the solid with an exposed surface. Thus, the surface polarity will lead to an increment of φ (φ = E VR -
E

SR
) in the binding energy of every electron in the solid. In other words, the energy levels of both valence and core electrons in the solid will be shifted by the same amount of -φ due to the surface polarity. The effect of surficial polarity on the energy levels might as well be put into the EB-A(CL) term in Eq. 1, and the first correction is: The lattice deformation (i.e. the lattice expansion and/or compression) can lead to a change in the local atomic environment, and thus causes shifts of the core levels. For a given solid X and its deformed form X', their core levels cl(X) and cl(X') can be obtained from their respective ab initio calculations. Then the change of the core level from the lattice deformation can be determined by:
where εFermi is the Fermi level, and E0 is the vacuum level in the absence of surface polarity, as indicated in Fig. 2(b) . The method to determine E0(x) in ab initio calculations can be seen in Supporting Information.
Thus, the core level difference between solids A and B in the absence of surface polarity is:
where EB-A(CL)2 is the second correction for EB-A(CL) due to lattice deformation.
By considering both Eq. 3 and Eq. 5, finally the core level difference between solids A and B involving the surface polarity and the lattice deformation can be calculated as:
Then the calculation method for the band alignment between two solids based on XPS measurement procedure is proposed as:
However, the last two terms were usually missed in the previous band-alignment calculations based on XPS measurement.
It is worth noting that valence band alignment using Eq. 7 depends on the distance d between two solids in the junction supercell (see Fig. 1 ). Therefore two types of band alignment can be defined. When d is large enough to cancel the interaction between two solids, their band alignment is intrinsic. While the two solids approach closer, the interaction between them become stronger, e.g. the charges can transfer between them to induce the dipole layer at their interface. In such a case, the band alignment is called the coupled.
To illustrate the reliability of Eq. 7, the band alignment between anatase and rutile phase TiO2 will be taken as an example. TiO2 is the mostly studied metal oxide as a prototypical model system for heterogeneous catalysis, For real TiO2 crystals, the anatase (101) and rutile (110) surfaces account for the majorities of exposed surfaces respectively, which will be adopted for the band alignment. These two surfaces are modeled by the stoichiometric p(3 × 1) rutile TiO2(110) and p(1 × 2) anatase TiO2(101) periodically repeated slabs with the vacuum space of~11 Å, respectively. All DFT+U calculations are performed using Vienna ab-initio simulation package (VASP). 34, 35 The core level energies are calculated under the initial state approximation.
The corresponding core state eigenenergies are taken from any one of unfixed Ti or O near the center of the slabs. The detailed settings of calculation can be found in Supporting Information.
The band alignments between anatase and rutile TiO2 calculated by Eq. 7 are summarized in The band alignment depends on the distance d between two surface slabs may be seen in Table 1 for our model of TiO2 junction. The detailed distance-dependent value of the band alignment is shown in Besides the XPS method, the EIA method can also characterize the band alignment between two solids, which corresponds to the aforementioned intrinsic type because EIA separately measures the VBM or CBM positions of semiconductors. Table 1 ). So, our coupled band alignment at the minimum value of d may be acted as a better approximation than the first approximation (the intrinsic band alignment) that commonly is used to help design of devices with solid interfaces.
In summary, an ab-initio method for reliable calculation of band alignment between two solids has been proposed on the basis of the protocol of XPS measurement with two corrections in the core level from surface polarity and lattice deformation. Our method can yield two types of band alignment. The intrinsic band alignment free of the interfacial interaction between two solids corresponds to the band alignments measured by the EIA method, while the coupled one containing the interfacial interaction corresponds to the XPS measurement. The intrinsic and coupled band alignments between rutile and anatase TiO2 calculated by our method are different but in well agreement with corresponding experimental observations.
The theoretical principle of our work is independent of the type of material, and it may predict the band alignments between any two solids.
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SI-1. The method to determine E0
The solid with a surface was modeled by a slab with a vacuum space. When the average electrostatic potential over the whole model lattice is taken as the zero energy reference, the electric dipole layer representing the surface polarity creates the electrostatic potential distribution as sketched in Figure S1 (a). The electrostatic potential in the right side of the surface (i.e. vacuum region) increases by E VR and it decreases by E SR in the left side (i.e. solid region). Usually the polarized charges are localized at the outermost surficial ions, 1-3 so the width of the equivalent capacitor is quite narrow, which can be neglected comparing with the width of the vacuum space and the slab. Thus, one can obtain:
where wsolid and wvacuum denote widths of the slab and the vacuum respectively.
The solid line shown in Figure S1 (b) is a typical DFT-calculated electrostatic potential of a slab lattice with surface polarity, which has been averaged in the x-y plane parallel to the surface. ER and EL is the maximum and minimum values of the electrostatic potential in the vacuum region, and their difference is equal to the electrostatic potential difference between the solid and the vacuum induced by the surface polarity. The dashed line is the electrostatic potential of the slab in the absence of surface polarity. E0, the vacuum level of the slab lattice in the absence of surface polarity, can be calculated by: 
where  is the electron affinity of the semiconductor; EF is the difference between the Fermi level and majority carrier band edge of the semiconductor; VH is the potential drop across the Helmholtz layer; and 0 is the scale factor (e.g. 4.5 eV for NHE). When VH equals zero at zero point of charge (pHZPC), the flat band potential (Uft 0 ) is the intrinsic Fermi level of the semiconductor.
For metal oxides, the flat band potential varies with the pH value of solution following a linear relation known as the Nernstian relation:
Uft pH = Uft 0 + 0.059(pHZPC -pH).
Using measured data of Uft pH and Eg (Eg is the band gap), the valence band edge energy of an n-type semiconductor with respect to the reference electrode can be calculated as: EVBE = Uft pH -EF + Eg -0.059(pHZPC -pH).
To determine the value of EF, experimentally certain impurities are introduced into the semiconductor, which can shift the Fermi level so close to the majority carrier band edge that EF is approximately zero and may be neglected in Eq. (S5). The valence band edges in two n-type semiconductors aligned by Eq. (S5) are apparently the intrinsic type.
The flat band potential of anatase TiO2 (101) surface relative to the saturated calomel electrode (SCE) is -0.4 eV at pH = 0, 9 while that of rutile TiO2 (110) surface is -0.25 eV at pH = 1. 10 Using Eq. (S5) and considering the band gaps (3.2 eV for anatase and 3.0 eV for rutile), the valence band edge energy of rutile can be estimated, which is lower by 0.04 eV than that of anatase.
